Self-assembly is one of the most promising strategies for the creation of defined nanostructures. Naturally occurring protein assemblies are excellent starting points for developing these strategies because these assemblies present a range of shapes and symmetries.^[@ref1]^ However, controlling protein self-assembly to precisely create nanostructures requires an understanding of thermodynamic and kinetic factors governing their assembly, posing two significant challenges. First, the structure of protein assemblies arises from heterogeneous weak interactions that are very sensitive to pH and ionic strength.^[@ref2],[@ref3]^ Second, even small changes in protein interactions can lead to large changes in the dynamics of protein association.^[@ref4]−[@ref6]^ Thus, to date most self-assembling systems do not allow tunable size control and do not display long-range order over microns. To create designer nanostructures we must first understand the effects of varying protein interactions on the mechanism and dynamics of protein self-assembly. Here we clarify these controls for the self-assembly of surface-layer (S-layer) proteins into nanosheets.

S-layers are one of the most abundant biological proteins. They self-assemble to form two-dimensional (2D) crystalline nanosheets with a variety of lattice symmetries and pore sizes in different organisms.^[@ref7]^ S-layer proteins do not self-assemble within the cell, but do so rapidly when exported to the cell surface.^[@ref8],[@ref9]^ Thus, S-layers can be expressed and purified at much higher levels (up to 10% of the protein of a cell^[@ref2],[@ref7],[@ref9]^) than can most other self-assembling proteins, whose tendency to aggregate within the cell complicates protein expression and purification. S-layer lattice spacings are similar to the dimensions of quantum dots and nanotubes, and chemical groups or fusion proteins can be appended to S-layers without destroying their ability to crystallize.^[@ref10]−[@ref14]^ S-layer proteins therefore represent a useful set of building blocks for the creation of nanostructured arrays of organic and inorganic materials in a "bottom-up" fashion.^[@ref13],[@ref15]^ Lastly, given that they self-assemble readily as part of their biological function, S-layers are a compelling model system for understanding the interactions involved in protein self-assembly into nanostructures.^[@ref16],[@ref17]^

SbpA, the S-layer protein from the insect pathogen **Lysinibacillus sphaericus**, has been engineered frequently for nanomaterials research. SbpA forms a one-protein-thick crystalline membrane (nanosheet) with square symmetry and a 15 nm protein tetramer unit cell. Assembly can take place on various solid supports and in solution in a Ca^2+^-dependent fashion.^[@ref12],[@ref18],[@ref19]^ Self-assembly by SbpA is also affected by changing the ionic strength of the solution. Pum and Sleytr^[@ref16]^ showed that varying the concentration of Ca^2+^ ions affects the morphology of SbpA nanosheets. More recently Teixeria and colleagues found that the observed rate constant of SbpA assembly decreases with increasing Na^+^ concentration, and shows a nonmonotonic dependence on the concentration of Ca^2+^.^[@ref20]^ These experiments suggest that the self-assembly dynamics and morphology of SbpA is affected by the screening of interacting charged groups on the protein monomers by the divalent cation.

Despite these considerable advances, precise control of SbpA nanosheet formation has not been realized. We therefore sought to determine precise controls of the dynamics of nanosheet self-assembly by investigating the effect of divalent ion and protein concentrations using light scattering. By comparing high-throughput light scattering results with high-resolution electron microscopy (EM), we established that light scattering can efficiently map nanosheet yield and size as a function of time and ion concentration. In addition, we examined the effects of substituting Ca^2+^ for other cations to distinguish between a chemically specific and generic divalent cation role for Ca^2+^. We found that Ca^2+^ mediates both specific and nonspecific interactions during self-assembly, resulting in a localized region in which nanosheet yield is optimal. Using the luminescence of Tb^3+^ binding to SbpA, we determine that 5 Tb^3+^ ions bind per monomer of SbpA. Then, we used competition experiments with Ca^2+^ to measure a binding affinity for the diavalent cation. Finally, we correlate the time evolution of our light-scattering signals with a mechanism of irreversible growth from a negligibly small nucleus. Together, our results clarify external controls that trigger and inhibit SbpA self-assembly and chart the time-dependent yield and size of protein nanosheets.

Results and Discussion {#sec2}
======================

Light Scattering Experiments Measure Growth of Nanosheets of SbpA {#sec2.1}
-----------------------------------------------------------------

While the self-assembly of SbpA can be measured *ex situ* by scanning transmission electron microscopy (STEM) or atomic force microscopy (AFM), the throughput of these techniques is too low to allow monitoring of self-assembly yield and dynamics over a wide range of conditions. Therefore, we turned to static light scattering, which can monitor multiple reactions simultaneously and has been used extensively to monitor protein-based self-assembly processes.^[@ref21],[@ref22]^ In the absence of Ca^2+^, purified monomers of SbpA did not self-assemble into nanosheets, and these solutions did not display an increase in light scattering at 340 nm over 800 min ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, dotted line). In contrast, triggering self-assembly of 6.8 μM SbpA with addition of 10 mM Ca^2+^ (solid line) resulted in monomers forming into nanosheets as shown by STEM and small-angle X-ray scattering (SAXS) measurements ([Figure S1, Supporting Information](#notes-1){ref-type="notes"}) and showed a sigmoidal increase in light scattering over time ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). To correlate this light-scattering trend to the size and structure of self-assembling objects, we imaged samples from these solutions (time points indicated by colored circles in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) using STEM with negative staining. For all time points, we primarily observed square sheets (*e.g.*, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). The distribution of the side length of these sheets ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C) indicates that the average side length increased ∼6-fold from 0.4 ± 0.1 μm at 50 min to 2.3 ± 0.7 μm at 800 min ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D). Taken together, these data indicate that the growth of nanosheets is one source of the increase in light scattering.

![Light scattering is a measure of SbpA nanosheet growth in solution. (A) Representative traces of *A*~340nm~*vs* time from light-scattering assays containing SbpA (6.8 μM) in solution in the absence (dashed line) or presence of 10 mM Ca^2+^ (solid line), indicating that increases in light scattering are associated with nanosheet formation. The colored, solid circles represent time points at which samples were imaged by STEM. (B) STEM images of negatively stained nanosheets of SbpA (6.8 μM) formed in the presence of 10 mM Ca^2+^after 800 min. The white arrows point to stacks of square protein sheets. The scale bar represents 1 μm. (C) Histogram of the side lengths of sheets visualized by STEM at increasing reaction times. For each measurement, the total number of nanosheets measured (*N*) is indicated. The dashed curves represent Gaussian fits to each data set. (D) The side lengths of nanosheets as a function of time, indicating the growth of sheets with time. The average and standard deviation of the side length are determined from the Gaussian fits shown in *C*. The solid line is a fit of [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} to the data.](nn-2014-02992x_0001){#fig1}

However, the light-scattering intensity depends both linearly on the number of sheets in solution and nonlinearly on their size. To determine if the sigmoidal increase in light scattering could be explained predominantly by the growth of nanosheets, we calculated the light scattering from a protein nanosheet (see [Methods](#sec4){ref-type="other"}) to convert the sheet size distributions measured with STEM to light-scattering signals, using a uniform index of refraction of 1.45 for the protein (see [Methods](#sec4){ref-type="other"}). The calculated light-scattering signal showed the same time dependence as the experimentally determined light-scattering signal ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). This correlation strongly suggests that the growth of the crystalline sheets is sufficient to explain the sigmoidal shape. More broadly, these results establish that time-dependent light scattering provides a dynamic readout of the size of nanosheets under these conditions.

![Scattering by growing nanosheets is sufficient to describe the sigmoidal behavior in light scattering. Plot of the attenuation coefficient measuring self-assembly of SbpA into nanosheets at a concentration of 6.8 μM with a Ca^2+^ concentration of 10 mM is shown. The calculated scattering values from the mean size and error of nanosheets of SbpA from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D are overlaid as closed circles with the standard error of the mean shown in black and the standard deviation shown in gray.](nn-2014-02992x_0002){#fig2}

Mapping Relative Assembly Yield Reveals a "Sweet Spot" For Nanosheet Formation {#sec2.2}
------------------------------------------------------------------------------

Using the light-scattering assay, we sought to map out how simultaneous variations in SbpA and Ca^2+^ concentration affect the self-assembly dynamics of SbpA nanosheets. Across varying concentrations of SbpA and Ca^2+^, we monitored the time-dependent evolution of the normalized *A*~340nm~ (*A*~norm~, see [Methods](#sec4){ref-type="other"}, for *A*~340nm~ see [Table S1](#notes-1){ref-type="notes"}). *A*~norm~ as a function of protein and Ca^2+^ concentration for all time points and a subset of time points are shown in [Movie S1](#notes-1){ref-type="notes"} and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, respectively. At early times, we observed the highest *A*~norm~ at high protein concentrations and intermediate Ca^2+^ concentrations (100 min, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, left panel). At intermediate and late times, the highest values for *A*~norm~ shifts to the center of the diagram, at intermediate values of both protein and Ca^2+^ concentration (400 min, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, middle panel). At the end point of the reaction (780 min, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, right panel), the largest values for *A*~norm~ occurs at the optimal conditions of 7 μM SbpA and 10 mM Ca^2+^. We observed no significant light scattering for concentrations of SbpA less than 3 μM. *A*~norm~ dropped off with either an increase or decrease in the concentration of Ca^2+^ from this optimal concentration and there is no significant light scattering for concentrations of SbpA less than 3 μM.

![The dynamics and yield of nanosheets of SbpA are dependent on both the protein and Ca^2+^ concentration. (A) Normalized *A*~340nm~ (*A*~norm~) as a function of Ca^2+^ and SbpA concentration at 100 (left panel), 400 (middle panel), and 780 min (right panel) after starting the reaction. At 780 min, the data show a localized region of nanosheet assembly. The color scale indicates the value of *A*~norm~ (calculated as detailed in [Methods](#sec4){ref-type="other"}) and is identical for each panel. (B) Representative STEM images of SbpA reactions at three different Ca^2+^ concentrations: 0.25 mM (circle), 5 mM (square), and 150 mM (triangle). The scale bar represents 2 μm for the left and middle panel and 4 μm for the right panel.](nn-2014-02992x_0003){#fig3}

To confirm that nanosheet abundance correlated with *A*~norm~, we first used STEM to examine the protein structures formed at three Ca^2+^ concentrations with distinctly different values of *A*~norm~ at the reaction end point ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, right panel, white circle, square, and triangle). Large nanosheets were abundant from the solution with a high *A*~norm~ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B, middle panel), but few sheets were observed from solutions with 4- and 18-fold lower values of *A*~norm~ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B, left and right panels, respectively). Next, we measured solution scattering using SAXS of reaction end point samples with three Ca^2+^ concentrations and different *A*~norm~ ([Figure S2](#notes-1){ref-type="notes"}). By probing all the species in solution, not just species that are retained on a STEM grid chip, SAXS provides a broader view of the self-assembly products than STEM. In the solution with the highest *A*~norm~, we observed a Bragg peak at a *q*-value of 0.05 Å^--1^, corresponding to a repeat spacing of the crystalline lattice of SbpA nanosheets. This peak appears broader in solutions with 60-fold and 20-fold lower *A*~norm~, indicating that nanosheets are smaller or less structured. Thus, these observations by SAXS and EM strongly support that *A*~norm~ is a metric for the size and number of nanosheets, which we refer to as the relative assembly yield of nanosheets.

Using *A*~norm~ as a measure of relative assembly yield in this succession of diagrams ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A) gives rise to three distinct observations. First, at SbpA concentrations above 3 μM there is a limited range of Ca^2+^ concentrations that give many large S-layer nanosheets at the reaction end point ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, right panel). At Ca^2+^ concentration between 1 and 50 mM, nanosheets are abundant, as indicated by the high end point *A*~norm~. At Ca^2+^ concentrations ≤1 mM and ≥75 mM, the *A*~norm~ after 780 min was low, indicating few or very small nanosheets are present. Second, at SbpA concentrations less than 3 μM the low *A*~norm~ values indicate that small and/or few nanosheet self-assemble in solution. Third, for all self-assembly reactions that had a high assembly yield, *A*~norm~ increased in a sigmoid fashion with time. Below, we further investigate these observations to understand controls on and mechanisms underlying the nanosheet self-assembly process.

![Formation of SbpA nanosheets in solution requires a minimum amount of free protein monomer. The end point *A*~norm~ plotted as a function of the SbpA concentration at 50 mM Ca^2+^ (black circles). The error bars represent the standard deviation of at least 3 measurements. The critical concentration of SbpA was determined by fitting a line through the data, and determining the intercept with the *x*-axis.](nn-2014-02992x_0004){#fig4}

Nanosheets Do Not Form below a Threshold SpbA Concentration {#sec2.3}
-----------------------------------------------------------

We observed low light scattering at SbpA concentrations less than 3 μM ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). To determine the threshold concentration for nanosheet assembly at 50 mM Ca^2+^, we analyzed the end point *A*~norm~ as a function of SpbA concentration ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The end point *A*~norm~ is zero for SbpA concentrations ≤1.5 μM and increases roughly linearly from 2.3 to 7.8 μM. From a linear fit of the latter data points we estimate a threshold concentration of 1.8 ± 0.2 μM. This value represents the lowest concentrations where we can observe nanosheet self-assembly over 780 min and is thus an upper bound for concentration below which all nanosheets would dissolve.

Ca^2+^ Has a Dual Role on the Relative Assembly Yield Due to Ion-Specific and Divalent Cation Roles {#sec2.4}
---------------------------------------------------------------------------------------------------

Since Ca^2+^ can induce a conformational change within S-layer proteins^[@ref18],[@ref23],[@ref24]^ and has been suggested to mediate electrostatic interactions between S-layer monomers,^[@ref20]^ we hypothesized that Ca^2+^ might be affecting self-assembly both in an ion-specific manner and more generally as a divalent cation. To test whether other divalent cations could stimulate self-assembly, we first monitored the *A*~340nm~ in self-assembly reactions in which we added 5 mM Mg^2+^ or Ba^2+^ instead of Ca^2+^ to purified SbpA solutions. We observed no increase in light scattering with Ba^2+^ or Mg^2+^, indicating that neither divalent ion stimulated self-assembly ([Figure S3](#notes-1){ref-type="notes"}). Next, we replaced Ca^2+^ with Tb^3+^, which can bind in place of Ca^2+^ in many Ca^2+^ binding proteins due to its similar ionic radius.^[@ref25]^ In this case, we find that the scattering signal increased similarly to the condition in which Ca^2+^ was used ([Figure S3A,B](#notes-1){ref-type="notes"}). However, observing the structures from the Tb^3+^ reactions by STEM revealed the presence of only small aggregates, not nanosheets ([Figure S3C](#notes-1){ref-type="notes"}). These observations indicate that Ca^2+^ has an ion-specific role in triggering self-assembly of nanosheets.

Next, we titrated the different cations (Ca^2+^, Mg^2+^, Ba^2+^) in the presence of 5 mM Ca^2+^ and 7.8 μM SbpA and measured the *A*~340nm~ after 780 min as a function of total cation concentration ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). In the Ca^2+^-only reactions, we observed an increase in the *A*~340nm~ up to 10 mM Ca^2+^, at which point increasing the Ca^2+^ concentration results in a decrease in this value ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A, blue circles). We found quantitatively similar behavior (within error bars) for the mixed Mg^2+^ and Ca^2+^ titrations ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A, black circles), and qualitatively similar behavior for the mixed Ba^2+^ and Ca^2+^ titrations ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A, red circles). In the titrations with Ba^2+^, light scattering decreased after 5 mM and remained somewhat lower than in the other two cases. These observations indicate that above a concentration of 5 mM, the effects of Ca^2+^ on SbpA nanosheet self-assembly can be mimicked by other divalent cations.

![Formation of SbpA nanosheets in solution is not linearly dependent on the divalent ion concentration. (A) End point absorbance measurement from light scattering assays as a function of the divalent cation concentration for Ca^2+^ only (blue circles), 5 mM Ca^2+^ + Mg^2+^ (black circles), or 5 mM Ca^2+^ + Ba^2+^ (red circles). (B) End point absorbance measurements from light scattering experiments in which the total divalent ion concentration was kept at 50 mM total, while varying the relative concentrations of Ca^2+^ and Mg^2+^. A linear fit of the data gives a slope of −10^--3^ (black line). The *x*-axis is linearly scaled before the break, and is on a logarithmic scale after the axis break. Error bars represent standard deviation from 2 to 3 measurements.](nn-2014-02992x_0005){#fig5}

As another test that the decrease in nanosheet formation is dependent on the overall divalent cations in solution and not due to a specific cation, we performed a series of self-assembly experiments in which the total ion concentration of the solution was held constant at 50 mM, but the relative amounts of Mg^2+^ and Ca^2+^ were varied ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). In these experiments, we observed no significant change in the end point absorbance values as a function of the Mg^2+^-to-Ca^2+^ ratio, fitting a line to the yield-*versus*-time data with a negligible slope. Taken together, our data indicate that Ca^2+^ promotes SbpA nanosheet assembly *via* an ion-specific effect at concentrations less than 5 mM Ca^2+^. However, above this concentration, the effects of Ca^2+^ on self-assembly can be replicated by other divalent cations; these cations first promote SbpA self-assembly then inhibit it at concentrations of 10 mM or above.

Although our light scattering data show that minimally 1 mM Ca^2+^ is needed to specifically stimulate self-assembly of SbpA, this value does not represent a binding constant of SbpA for Ca^2+^. To measure the affinity of SbpA to Ca^2+^ we used Tb^3+^ luminescence as an indicator to measure the formation of protein-ion complexes.^[@ref25],[@ref26]^ First we determined whether SbpA can bind Tb^3+^, resulting in a luminescent signal when the tryptophan residues in the protein are excited. When we excited SbpA-Tb^3+^ complexes with 280 nm light, we observed several emission peaks consistent with the peaks for Tb^3+^ luminescence ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A).^[@ref26]^ This spectrum indicates that Tb^3+^ binds SbpA and that at least one tryptophan residue is nearby (SbpA has six total), which when excited with 280 nm light results in luminescence from the Tb^3+^.

We then used this luminescence signal to measure the binding affinity of Tb^3+^ to specific sites on SbpA. We titrated Tb^3+^ in the presence of 1.5 μM SbpA, a concentration at which nanosheet self-assembly does not occur, and followed the emission intensity at 544 nm when the protein-ion complex was excited at 280 nm ([Methods](#sec4){ref-type="other"}). We observed a linear increase in the luminescence signal up to 5 μM Tb^3+^ at which point the signal reached a plateau ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). We fit a single site binding curve [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} to the data to determine an apparent affinity of SbpA for Tb^3+[@ref27]^ and calculated a *K*~*d*,Tb^3+^~ = 7 ± 1 μM ([Methods](#sec4){ref-type="other"}). Moreover, from the intersection of linear interpolations of the data at the plateau and the initial linear increase, we calculated a stoichiometery of 4.7 ± 0.5 Tb^3+^ per SbpA monomer.

To determine a binding constant specific for Ca^2+^, we next performed a competition experiment in which the solution of Tb^3+^ and SbpA from the previous experiment was titrated with increasing concentrations of Ca^2+^ to compete for the binding sites. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C shows a competition experiment in which we observed the luminescence signal from Tb^3+^ bound to SbpA decrease as the total concentration of Ca^2+^ increases. We fit the data to [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} (see [Methods](#sec4){ref-type="other"})^[@ref28]^ and determined an apparent dissociation constant *K*~*d*,Ca^2+^~ of 67.1 ± 0.3 μM of SbpA for Ca^2+^.

![Tb^3+^ luminescence can measure binding of SbpA to Ca^2+^. (A) A solution of SbpA (6.8 μM) with 10 mM Tb^3+^ was excited at 280 nm and the emission of the sample was observed from 450 to 700 nm. Four peaks are observed at 490, 546, 585, and 620 nm, indicating that Tb^3+^ binds to SbpA. (B) Titration binding curve of Tb^3+^ to 1.51 μM SbpA as measured by Tb^3+^ luminescence. The complex was excited at 280 nm and the emission observed at 544 nm. The solid circles represent data points and the solid line is a fit of a one-site binding curve to the data. The dashed lines are fits to linear portions of the data. The intersection of the dashed lines was used to determine the stoichiometric break-point for this binding curve. (C) Competition of Tb^3+^-SbpA complexes with Ca^2+^ as measured by a decrease in the Tb^3+^ luminescence. The open circles are titration data, which are fit by a competition binding curve shown by a solid line. The error bars represent the standard deviation determined from two experiments.](nn-2014-02992x_0006){#fig6}

Structural studies of another S-layer protein, **Geobacillus stearothermophilus** SbsB, provide a model to explain the dual roles of Ca^2+^ in stimulating self-assembly by SbpA. In the absence of Ca^2+^, both SbsB and SbpA exist in an extended form.^[@ref23],[@ref29]^ In the presence of Ca^2+^, monomers of SbsB bind four structural Ca^2+^ ions that increase the tertiary structure in SbsB.^[@ref23]^ We propose that, similar to SbsB, SbpA may specifically coordinate several Ca^2+^ ions upon their addition, causing the monomer to adopt a tertiary structure that triggers self-assembly. We observe that Ca^2+^ binds SbpA with an affinity (67 μM) that is within the same magnitude of that reported for SbsB (∼100 μM). Moreover, we find that 5 Tb^3+^ bind per monomer of SbpA, suggesting that there are at least 5 binding sites for Ca^2+^. The crystal structure of SbsB shows that four Ca^2+^ are bound by the monomers, which mediate interdomain contacts.

In a second effect, ion-mediated interactions *between* monomers may alter the rate and yield of self-assembly. To test whether ions affect the charge of SbpA we carried out zeta potential measurements of SbpA in various solutions. The theoretical pI of the protein is calculated to be 4.81.^[@ref30]^ Indeed in water the protein monomer is negatively charged ([Figure S4](#notes-1){ref-type="notes"}). In pH 7.2 buffer and 100 mM NaCl the protein charge increases, but is still negative. However, with the addition of Ca^2+^ or Mg^2+^, we observe a neutral charge on the protein ([Figure S4](#notes-1){ref-type="notes"}). Charged residues such as aspartic acid, glutamic acid, and lysine are proposed to be involved in the interaction between the monomers of SbsB nanosheets,^[@ref23]^ suggesting that similar interaction occur between SbpA monomers. The nonmonotonic dependence of light scattering on divalent cation concentration in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A and our zeta potential measurements suggest that moderate concentrations of divalent cations, including Ca^2+^, may induce counterion-mediated attraction between negatively charged sites,^[@ref20],[@ref31]^ while high concentrations may induce overcharging of those sites.

The role of Ca^2+^ elucidated here may explain how the cell controls SbpA self-assembly *in vivo*. While S-layer proteins do not self-assemble intracellularly, they must crystallize on the extracellular surface at an estimated rate of 500 monomers/s to maintain a 2D array during cell division.^[@ref32]^ The internal Ca^2+^ concentration for bacterial cells appears to be highly regulated, although it has not been widely measured. Assuming *L. sphaericus* has same the internal Ca^2+^concentration as **Escherichia coli**, *i.e.*, 0.1--0.3 μM,^[@ref33],[@ref34]^ the intracellular concentration of Ca^2+^ would be far too low to induce rapid self-assembly by SbpA given a dissociation equilibrium constant of 67 μM. However, when the protein is excreted into the extracellular space where the concentration of Ca^2+^ is typically in the millimolar range,^[@ref35]^ SbpA would rapidly self-assemble on the bacterial surface.

The Dynamics of Self-Assembly of SbpA Map out the Time-Evolution of Nanosheet Size and Are Consistent with Irreversible Growth from a Negligibly Small Nucleus {#sec2.5}
--------------------------------------------------------------------------------------------------------------------------------------------------------------

Because light scattering gives a dynamic readout of the nanosheet growth, we sought to predict nanosheet size over the range of solution conditions examined above and develop a mechanism for self-assembly. Since we established that the observed increase in light scattering signal is predominantly due to growth of nanosheets ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), we inverted our dielectric calculation (using a uniform protein index of refraction as the only adjustable parameter) to calculate nanosheet size as a function of the ionic strength of the solution and time. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A illustrates the range of lengths of nanosheets at each \[SbpA\] and \[Ca^2+^\] after 780 min as determined from the light scattering values. These diagrams provide a guide for creating SbpA nanosheets of a distribution of sizes by varying the ionic strength of the solution and the reaction time.

![Self-assembly by SbpA corresponds to irreversible growth. (A) Estimated sheet lengths from the end point light scattering data are plotted as a function of the \[Ca^2+^\] and \[SbpA\] at 780 min ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). The lengths were calculated using the equation for scattering by dielectric discs and using a sheet thickness of 10 nm. The color map is capped at 3000 nm due to the variability of the lengths calculated with high light scattering. (B) *A*~norm~ as a function of time for SbpA self-assembly at 50 mM Ca^2+^ and increasing protein concentration (colored curves). Fits to [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} are shown as dashed curves in the same color.](nn-2014-02992x_0007){#fig7}

Because of the lack of a long lag time prior to sheet growth, we hypothesized that the light scattering trace from solutions of SbpA and Ca^2+^ might be explained by the irreversible growth of square nanosheets ([Figure S5](#notes-1){ref-type="notes"}). We developed a model for the irreversible growth of planar sheets (see [Methods](#sec4){ref-type="other"}), which assumes that some fraction *f* of proteins serve as sites where nanosheet formation initiates; subsequent nanosheet growth is driven by diffusion of proteins onto the perimeter of the sheets, where their attachment is characterized by an effective cross section per monomer, σ. As discussed in the [Methods](#sec4){ref-type="other"} section, we combined this model with our dielectric calculation to give the time dependence of *A*~norm~, using *f* and σ as adjustable parameters in least-squares fits for each solution condition. Since the model assumes that all monomers become incorporated into sheets at long times, the long-time sheet length *L*(∞) is proportional to *f*^*1/2*^.

We found that our model could successfully fit time traces for a broad range of solution conditions, as illustrated by the dashed lines in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B for 50 mM Ca^2+^ and SbpA concentrations ranging from 4.8 to 12.1 μM SbpA. We did not fit traces from concentrations below 4.8 μM because the time courses were not long enough to exhibit a sigmoid shape necessary to constrain the fit. Using the best-fit values of *f* ([Table S2](#notes-1){ref-type="notes"}) to calculate *L*(∞), the length of sheets at long times, we find that the values for *L*(∞) have a range and variation of 4 ± 2 μm over conditions where we observed sigmoidal light scattering behavior. These sheet lengths are consistent with the end point sheet sizes observed in the STEM images. In addition, we find that the best-fit values for σ are similar in value for all protein concentrations, with an average value of 2.5 ± 0.7 Å^2^. This cross section of 2--3 Å^2^ is consistent with an interaction range between functional groups on the protein, such as charged residues, which are important in the kinetics of protein--protein association.^[@ref36]^ Finally, we note that our model assumes irreversible growth from a negligibly small nucleus. The quality of the fits demonstrates that a substantial nucleation barrier is not necessary to explain the sigmoid shape of the light scattering traces; rather, the sigmoid shape is a natural consequence of the nonlinear dependence of light scattering on sheet size.

Conclusion {#sec3}
==========

Establishing and using light scattering as a proxy for nanosheet formation by SbpA, we determined how varying the concentrations of Ca^2+^ and SbpA affect the yield of nanosheets and the temporal evolution of nanosheet size. We found that the relative yield of self-assembly is affected nonmonotonically by the Ca^2+^ concentration. Tuning the identity and concentration of divalent cations indicated that Ca^2+^ plays two roles in mediating assembly: a Ca^2+^-specific role likely associated with conformational changes within a protein and a generic role as a divalent cation likely associated with mediating interactions between proteins. Additionally, by inverting a dielectric calculation to determine sheet size as a function of time, \[Ca^2+^\], and \[SbpA\], we find that the time evolution of the light scattering traces is consistent with irreversible growth of sheets from a negligibly small nucleus. Our results highlight the usefulness of mapping out diagrams for understanding self-assembling systems and indicate several means to control the size and morphology of SbpA-based nanostructures.

Previously, solution controls on protein self-assembly have been mapped out using phase diagrams constructed using end point turbidity measurements.^[@ref37]^ The diagrams and model presented here go beyond this previous work by determining the time-dependent evolution of nanosheet size as well of mechanistic controls on assembly yield. Thus, we suggest that such diagrams coupled with modeling of the self-assembly process may provide a useful method to determine critical kinetic controls of proteins and polymers into nanostructures. Additionally, our results identify conditions to initiate and halt self-assembly to produce SbpA nanosheets of an average size in high yield. This information provides a first example of using self-assembly to tune the size of 2D protein nanostructures with long-range order and will be useful for patterning inorganic nanomaterials at defined length scales, potentially opening the door to efforts to design self-assembling multicomponent, mesoscale S-layer lattices.

Methods {#sec4}
=======

SbpA Expression and Purification {#sec4.1}
--------------------------------

SbpA was purified as previously described.^[@ref38]^ After being denatured from purified cell wall fractions using a solution of 50 mM Tris HCl pH 7.2, and 5 M guanidine hydrochloride, SbpA was dialyzed extensively into Milli-Q water (EMD Millipore, Billerica, MA), which has a resistivity of 18 MΩ·cm and TOC of 5 ppb. Aggregated protein was removed by a final centrifugation at 100000*g* at 4 °C in an Optima L-100XP ultracentrifuge (Beckman Coulter, Brea, CA) using the SW41 Ti rotor. Protein concentrations were determined through Beer's law using the calculated molar extinction coefficient at 280 nm of 78 940 M^--1^ cm^--1^ or the weight extinction coefficient of 0.6 (mg/mL)^−1^ cm^--1^.^[@ref39]^ In agreement with previous reports,^[@ref19],[@ref29],[@ref40]^ purified SbpA was present as a monomer with a hydrodynamic diameter of 11.7 ± 0.5 nm ([Figure S1A,B](#notes-1){ref-type="notes"}), and upon addition of 10 mM Ca^2+^, the protein crystallized into a porous, square lattice with a cell spacing of 13.2 ± 0.2 nm ([Figure S1C](#notes-1){ref-type="notes"}).

Light Scattering Assay {#sec4.2}
----------------------

Because of the absorption of light by proteins at lower wavelengths, nanosheet self-assembly by SbpA was monitored *via* the scattering of light at 340 nm.^[@ref22]^ Absorbance was monitored using a Spectra Max 384 plus plate reader equipped with temperature control (Molecular Devices, Sunnyvale, CA). Reactions (100 μL) were performed in self-assembly buffer (10 mM Tris HCl pH 7.2, 100 mM NaCl) and the indicated concentration of SbpA, CaCl~2~, MgCl~2~, or BaCl~2~. All buffers were made using Milli-Q water. Solutions were mixed and then added into wells on a Costar UV clear, 96-well flat bottom plate and covered with an optically clear seal to prevent evaporation (Corning Inc. Corning, NY). The reactions were incubated at 25 °C, and prior to measuring absorbance at each time point, the plate was mixed for 1 s by shaking. The calculated path length for each well is 2.9 mm, based on the cylindrical shape of the well with an average radius of 3.32 mm, and the volume of solution. Data were corrected by subtracting the absorbance at zero time, *A*~340nm,*t*~0~~. Data were exported to and analyzed in Origin 8.5.0 (OriginLab, Northampton, MA.). To plot diagrams, the data were imported into MATLAB v7.9.0.529 R2009b (The MathWorks, Natick, MA) and plotted using the "imagesc" plot function. The normalized absorbance at 340 nm (*A*~norm~) was calculated by using the relation, *A*~norm~ = (*A*~340nm,*t*~ -- *A*~340nm,*t*~0~~)/\[SbpA\]~tot~, where *A*~340nm,*t*~ is the absorbance at time *t* and \[SbpA\]~tot~ is the total protein concentration.

Electron Microscopy {#sec4.3}
-------------------

To prepare *ex situ* samples for STEM, SbpA (6.8 μM) was incubated for the indicated time at 25 °C in self-assembly buffer, and the indicated concentration of CaCl~2~. Solutions of SbpA crystals were diluted by 5-fold into Milli-Q water, and 8 μL of this dilution was immediately pipetted onto 400 Cu mesh grids, with a thin carbon film (Ted Pella Inc., Redding, CA). The solution of SbpA was incubated for 2 min at room temperature on the grid. The drop was removed by absorbing the liquid with filter paper. The grid was washed twice by pipetting Milli-Q water on the surface, then removing excess liquid with filter paper. Finally, the protein sheets were stained for 2 min with one drop of NanoW solution (Nanoprobes Inc., Yaphank, NY) and allowed to dry for 16 h after absorbing the excess solution from the grid with filter paper. Samples were imaged on a FESEM ULTRA 55 electron microscope (Carl Zeiss Microscopy, Thornwood, NY) in STEM mode at a voltage of 30 kV. Images were captured using SmartSEM software. Length measurements and 2D Fourier transforms were performed using NIH ImageJ software (<http://imagej.nih.gov/ij/index.html>) v1.47a.^[@ref41]^ Because many sheets stack on top of one another at higher concentrations of SbpA, making it difficult to quantify the area of individual sheets, we measured the side lengths of individual sheets to assess the size of sheets. The histogram of SbpA crystal lengths were plotted and fit to a Gaussian distribution in Origin 8.5.0.

Dynamic Light Scattering (DLS) and Zeta Potential Measurements {#sec4.4}
--------------------------------------------------------------

Dynamic light scattering measurements were taken on a Zetasizer nano-ZS (Malvern Instruments, Worcestershire, United Kingdom). For DLS, reactions of SbpA in self-assembly buffer (100 μL) were pipetted into a disposable solvent resistant microcuvette (Malvern Instruments, Worcestershire, United Kingdom), sealed with a plastic lid and PARAFILM, and then placed into the instrument. The temperature was equilibrated to 25 °C for 1 min, prior to acquisition of data. Throughout the measurement, the temperature was held constant at 25 °C. The size of the protein was measured by illuminating the sample with a 633 nm laser, and monitoring the scattered light 173° from the incident beam. The refractive index, *n*, of the protein was set to 1.450,^[@ref42]^ and the refractive index of the dispersant, water, was set to 1.330.^[@ref43]^ The viscosity of water at 25 °C, 0.8872 cP, was used for the calculation of the hydrodynamic diameter. Measurements were repeated 3 times for each sample, and replicated 2--3 times on different days.

Zeta potential measurements were performed in a 750 μL, disposable Zetasizer nano cells (Malvern). The cells were rinsed with 5 mL of 70% ethanol, 5 mL nanopure water. For solutions of protein in buffer, the cells were washed with a solution of 10 mM Tris HCl pH 7.2, 100 mM NaCl, 6.8 μM SbpA and the indicated concentration of MgCl~2~ or CaCl~2~. The cell was then filled with the solution containing protein and sealed. Measurements were taken within 1--2 min of preparation, prior to formation of crystals in solution.

Small Angle X-ray Scattering (SAXS) {#sec4.5}
-----------------------------------

Solutions with the indicated concentration of SbpA in self-assembly buffer and the indicated concentration of CaCl~2~ were incubated at 25 °C for at least 16 h. Solutions (24 μL) were loaded onto a 96 well PCR microplate (Axygen Inc., Union City, CA) and sealed with an AxyMat sealing mat (Axygen Inc.). X-ray scattering experiments were conducted at the SIBYLS ALS beamline 12.3.1.^[@ref44]^ Data were analyzed and traces from 0.5 s and six second exposures were merged in PRIMUSv3.1 (<http://www.embl-hamburg.de/biosaxs/manual_primus.html>).^[@ref45]^ The merged data were plotted in Origin 8.5.0.

Calculating Light Scattering from Nanosheets {#sec4.6}
--------------------------------------------

To calculate the light scattering signal as a function of nanosheet length, the square sheets were approximated as thin circular disks of equivalent cross section, thickness, and uniform dielectric constant. This approximation allows for the application of a known solution for the a scattering efficiency factor, *Q*, as detailed in the [Supporting Information Methods](#notes-1){ref-type="notes"}.^[@ref46]^ We then calculated the light scattering *via*[eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}where *l* is the sample depth, α is the attenuation coefficient, ρ~*m*~ is the protein monomer number density, σ~*m*~ is the physical cross section of a protein monomer, *L* is the sheet length, *N*(*L*) is the number of sheets of length *L*, and *Q*(*L*) is the scattering efficiency factor. The index of refraction for S-layer proteins is set to 1.450 in the calculation of *Q* ([eq S1](#notes-1){ref-type="notes"}).

Tb^3+^ and Ca^2+^ Binding Titrations {#sec4.6.1}
------------------------------------

To measure Tb^3+^ luminescence, spectra and emission readings were taken on a Fluoromax-4 Spectrofluorometer (Horiba Jobin YVON, Edison, NJ). Luminescence spectra were taken by adding 100 μL of sample to a 300 μL 3 × 3 mm QS microcell (Hellma, Müllheim, Germany). A 370 nm cutoff filter was mounted in front of the emission port in the instrument to prevent interference from harmonic doubling. The sample was illuminated at 280 nm with 5 nm slit-width. Emission spectra were collected using 5 nm slit width.

For binding titration of SbpA with Tb^3+^ 2 mL of a solution containing 1.5 μM SbpA in 10 mM Tris HCl pH 7.2 and 100 mM NaCl was added to a 10 × 10 mm QS 3500 mL cuvette along with a magnetic stir bar (Hellma, Müllheim, Germany). We used this concentration of SbpA to avoid self-assembly in solution and measure only the binding of ions to the proteins. The solution was stirred and equilibrated to 25 °C with a 1 °C tolerance. The solution was excited at 280 nm with a slit-width of 5 nm, and the emission was monitored at 544 nm after being filtered through a 370 nm cutoff filter. Stock solutions of 2 and 10 mM TbCl~3~ in water were used to titrate the ion in solution. The solution was allowed to equilibrate for 1 min after each titration, and then the shutters were open to take a reading for 30 s. Fluorescence values were averaged per reading, and then corrected for dilution effects by multiplying the intensity by the ratio of the total volume (*V*~*i*~) and the initial volume (*V*~0~) such that *F*~*i*~ = *F*(*V*~*i*~/*V*~0~*)*. The values were then plotted by normalizing each titration point (*F*~*i*~) to the initial fluorescence (*F*~0~) resulting in a relative fluorescence change (*F*~rel~ = *F*~*i*~/*F*~0~). Two sets of data were individually fit using NLLS in Origin 8.5.1 to the equation for single site binding of a ligand to protein^[@ref27]^ given byIn [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}*F*~rel~ is the relative fluorescence change, *F*~ml~ is the fluorescence of the SbpA-Tb^3+^ complex, *L*~*f*~ is the free Tb^3+^ concentration and *K*~*d*,Tb^3+^~ is the dissociation equilibrium constant for Tb^3+^. *L*~*f*~ is given by the solution to the quadratic equation involving the terms for total protein, total ligand and *K*~*d*,Tb^3+^~.^[@ref27]^ Only two parameters were varied, *F*~ml~ and *K*~*d*,Tb^3+^~.

Competition experiments were performed after titration with Tb^3+^. For each experiment the solution contained the same total concentration of Tb^3+^. Ca^2+^ was titrated over several concentration decades from stocks of 2, 10, 50, 500, and 1000 mM. The fluorescence was recorded and corrected as described above. The data were fit to the general solution for competitive binding of two ligands to a macromolecule.^[@ref28]^ That is the data were fit to [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"},where *f*~max~ is the maximum relative luminescence of the SbpA-Tb^3+^ complex, and the \[SbpA-Tb^3+^\] was determined by solving for the real roots of the cubic equation using Mathematica 7 (Wolfram Research, Champaign, IL) as a function of the total protein concentration, total concentration of Tb^3+^, the total concentration of Ca^2+^, the dissociation binding constant of SbpA for Ca^2+^, *K*~*d*,Ca^2+^~, and *K*~*d*,Tb^3+^~.^[@ref28]^ The parameters *K*~*d*,Ca^2+^~ and *f*~max~ were varied to obtain a minimum value for the least-squares difference to the titration data.

Model Fitting to the Light Scattering Data {#sec4.7}
------------------------------------------

Light scattering data were imported into and fit to the equations described below in Mathematica 7 (Wolfram Research, Champaign, IL). The growth of sheets was modeled by assuming that a fraction *f* of proteins serves as nucleation sites, with subsequent growth driven by adsorption of proteins onto the perimeter of the sheets. The parameter *f* can be written as *a*^2^/(4*L*(∞)^2^), where *L*(∞) is the length of sheets at long times and *a* is the unit cell spacing. We assume that the growth of a sheet composed of *N*(*t*) monomers is given bywhere *N*~*p*~(*t*) is the number of monomers on the perimeter of the sheet, *F* is the diffusive flux of monomers onto the perimeter, and σ is the effective cross section per monomer. The last factor in [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} accounts for saturation when all monomers are incorporated into the growing sheet. The number of monomers of SbpA in a sheet can be written as *N*(*t*) = 4(*L*(*t*)/*a*)^2^, and the number of monomers on the perimeter can be written *N*~*p*~(*t*) = 8*L*(*t*)/*a*, assuming that two monomers are exposed at the edges. In this case [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} can be written as

Since the diffusive flux of monomers onto the crystal edge is driven by the concentration gradient, we set *F* = *Dc*/*d*, where *D* is the diffusion coefficient, *c* is the protein concentration, and *d* is the depth of the depletion layer characterizing the concentration gradient.^[@ref47]^ Because the diffusive flux is faster than sheet growth (see below), only the adsorbing perimeter, not the bulk of the sheet, is expected to maintain a steady-state concentration gradient. Balancing the number of monomers on the perimeter with the number removed from within the depletion depth layer^[@ref47]^ yields an estimate of *d* = (8/(π*ac*))^1/2^ for the depletion depth. Combining the above results and integrating [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} yields the following solution for sheet size:[eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} was first fit to the sheet size data in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D, resulting in an effective cross section of σ = 1.4 ± 0.3 Å^2^ and a nucleation site density of *f* = 1.2(±0.6) × 10^--5^. These parameters were then used in fits of the light scattering calculation [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} to the light scattering data to determine the best-fit protein index of refraction. We checked the consistency of our assumption that the diffusive flux is rapid by verifying that the time scale for diffusion across the depletion depth, τ~*d*~ = *d*^2^/(2*D*), is much smaller than the time scale for a sheet growing across the depletion depth, defined by *L*(*t* + τ~*g*~) -- *L*(*t*) = 2*d*. At *c* = 6.8 μM, we found τ~*d*~ to be on the order of 10^--4^ s, and τ~*g*~ to indeed be much larger, on the order of 1 h. We did not fit traces from concentrations below 4.8 μM SbpA because the time courses were not long enough to exhibit a sigmoid shape necessary to constrain the fit.

Supplemental Methods, Figures S1--S5, Movie S1, and Tables S1 and S2. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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